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Schottky mass spectrometry utilizing heavy-ion storage rings serves as a powerful technique for precision 
mass and decay half-life measurements of highly charged ions. The number of stored ions in the ring is deter- 
mined by the peak area in the revolution frequency spectrum. Due to intrinsic amplitude frequency characteris- 
tic (AFC), Schottky detector systems exhibit varying sensitivities at different frequencies. In this paper, a new 
method was developed in order to calibrate the AFC curve of the Schottky detector system of the CSRe storage 
ring using low-energy electron-cooled stored ions. With the amplitude-calibrated frequency spectrum, there was 
a notable refinement in the precision of both the peak position and peak area. As a result, the storage lifetimes 
of the electron-cooled fully-ionized °°Fe?°+ ions were determined with high precision at the beam energy of 
13.7 MeV/u and 116.4 MeV/u, despite of frequency drifts during the experiment. When the electron cooling 
is turned off, the effective vacuum condition experienced by the 116.4 MeV/u °°Fe?°* ions was determined 
using the amplitude-calibrated spectra, revealing a value of 10~'° mbar which is consistent with the vacuum 
gauges readings along the CSRe ring. The method reported here can be adapted at other storage ring facilities 
to improve the precision and enhance the capability of life-time measurement in the ring. 


Keywords: Lifetime Measurement, Schottky mass Spectrometry, Sensitivity response, Highly Charged Heavy Ion, Resonator, 


UH Vacuum, Non-destructive diagnostics 


I. INTRODUCTION 


The mass and lifetime are basic properties of atomic nuclei. 
To date, about 3400 nuclides have been identified, among 
which less than 300 are stable nuclei concerning radioactive 
decay [1]. Theoretical predictions indicate the potential ex- 
istence of numerous additional particle-bound nuclei [2, 3]. 
Discovery of new isotopes and measurement of their mass 
and decay characterises needs powerful radioactive ion-beam 
facilities and fast sensitive detection techniques [4]. Utilizing 
heavy-ion storage rings coupled to radioactive beam lines, the 
time-resolved Schottky mass spectrometry provides a power- 
ful tool for measuring the radioactive decay of highly charged 
ions and investigating exotic decay modes [5, 6]. 

In a storage ring, ion species are distinguished by their 
revolution frequencies, which correspond to their mass-to- 
charge ratios. This is a foundational principle of the storage 
ring mass spectrometry. The storage ring’s high mass resolv- 
ing power can be enhanced using an electron-cooling device 
and/or a ring designed for an isochronous ion-optical config- 
uration [7]. These features make it possible to clearly identify 
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particles in the measured frequency spectrum, which is cru- 
cial when the nuclei of interest were among a vast number of 
other ion species stored in the ring at the same time. 


In the time-resolved Schottky mass spectrometry tech- 
nique, the frequency spectra were continuously measured. 
The peak area of the revolution frequency in the spectra is 
proportional to the signal power induced in the Schottky de- 
tector by the corresponding ions [8]. By observing the reduc- 
tion in peak area, the decline in ion numbers as a function of 
storage time can be monitored and the decay halflife can be 
deduced [5]. Traditionally, a capacitive Schottky detectors of 
the parallel plate type is used to detect electromagnetic sig- 
nals induced by the passing ions [9, 10]. However, these de- 
tectors often exhibit low sensitivity, limiting their use in de- 
tecting low-yield, low charge-states ions. Higher sensitivity 
can be achieved using a resonant cavity [8, 11-13]. The main 
advantage of using resonant cavities as Schottky pick-ups is 
the increased sensitivity at the characteristic resonance fre- 
quency of the cavity. This enhancement makes them suitable 
devices for fast detection of low yield exotic isotopes even 
down to single ions [14]. Moreover, there is an added bene- 
fit from the higher resolution obtained at higher frequencies 
[11, 13]. Such detectors are presently operational at GSI-ESR 
(Germany) [15], RIKEN-R3 (Japan) [16], and HIRFL-CSRe 
(China) [17] storage rings and are being used to directly mon- 
itor the decay from parent to daughter nuclei [14]. 


The sensitivity of a Schottky detector system varies with 
frequency, which can be characterized by the amplitude- 
frequency characteristic (AFC) curve. Compared to paral- 
lel plates detector, the cavity resonator detector has an en- 
hanced signal from ions as well as elevated background noise 
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Fig. 1. Schematic illustration of the resonator Schottky detector sys- 
tem and its corresponding equivalent RLC circuit. The ion signal is 
captured by the Schottky cavity, amplified by a low-noise amplifier 
(LNA), filtered by a band-pass filter, and further amplified before 
being transmitted to the frequency analyzer via a 15-meter coaxial 
cable. The signal is then digitized by the spectrum analyzer and 
stored by the IQ data recorder. 


level near the resonance frequency. This increased sensitiv- 
ity results in a more pronounced sensitivity change across the 
same frequency span. In many-ion decay half-life measure- 
ment experiments, if the signal peak of a certain ion species 
is spread over wide frequency range due to a large momen- 
tum spread, or if the peak position shifts because of ongoing 
energy loss or beam manipulation using an electron-cooling 
device during the storage time, then calibration of the peak 
area is necessary before the corresponding particle count can 
be accurately determined. 


In this work, a new method was developed in order to cali- 
brate the sensitivity curve (AFC curve) of the Schottky detec- 
tion system installed in the CSRe storage ring. This method, 
combined with the background noise subtraction technique, 
developed in our previous paper [18], has enabled a precise 
determination of storage lifetime of stable °°Fe?°+ ions in 
the ring. Once the revolution frequency spectra were normal- 
ized with the AFC curve, we were able to restore the peak 
shape and determine the peak center with better precision us- 
ing Gaussian fitting. When the electron-cooling system was 
turned off, the ion beam gradually lost energy. By tracking the 
rate of change of the central frequency of the beam, we were 
able to determine the effective vacuum level experienced by 
the stored ions in the storage ring. The methodology devel- 
oped in this paper can be adapted by other heavy-ion storage 
ring facilities for precision mass and lifetime measurements. 


Il. TIME-RESOLVED SCHOTTKY MASS 
SPECTROMETRY AT HEAVY-ION STORAGE RING 


The scheme of the Schottky detection system is shown in 
Fig. 1. As ions pass through the cavity, they induce image 
charges and deposit energy, creating Schottky noise. This 
noise was extracted from the cavity using magnetic couplers 
[11], amplified by a low-noise amplifier (LNA) before finally 
been recorded by the spectrum analyzer. The measured data 
were analyzed online or offline revealing peaks at the ions’ 
revolution frequency at each harmonics in the frequency do- 
main (hereafter refer to as frequency spectrum) obtained us- 
ing Fourier transformation. 
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Fig. 2. Blue histogram: the measured thermal noise in the frequency 
domain when there is no beam in the CSRe. It can be used as a ref- 
erence baseline in the subsequent measurement to extract the signal 
power induced by the storied ions. Orange line: the estimated base- 
line determined using the method of [18]. The reference level is set 
to -50 dBm, data acquisition time is 852.5 ms, frequency resolution 
is 0.92kHz, DAQ sampling rate is 3.75 MSamples/s. 


A. The reference baseline in the measured frequency 
spectrum 


Within the bandwidth of the detection system, the mea- 
sured noise power includes both signal power, Pion(f), from 
the circulating ions in the ring and the thermal noise power, 
Prhermat(f), of the detection system: 


Protat(f) = Pthermat(f) + Pion(f). (1) 


Due to the resonant nature of the cavity, the thermal noise 
exhibits a Lorentzian-like distribution in the frequency do- 
main. Experimentally, power density profile of the thermal 
noise in the frequency domain can be measured when the 
beam is off. The result of the averaged spectrum can be served 
as a benchmark of the reference baseline (see the blue his- 
togram in Fig.2) and subtracted from the frequency spectrum 
measured when the beam is present. Alternatively, the base- 
line can be estimated using the method described in Ref. [18], 
see the orange line shown in Fig.2 and in Fig.3. The advan- 
tage of this method is that baseline measurement can be done 
in situ when the beam is present and a smooth reference base- 
line can be obtained. 


B. Information on the stored ions extracted from frequency 


peaks 


After subtracting the thermal noise baseline, the remaining 
spectral components in the frequency spectrum are attributed 
to the periodic motion of the ions. Throughout the paper 
we consider only the case of coasting (i.e. not bunched) ion 
beam. 

The Schottky noise originating from individual ions cir- 
culating in the ring at a specific revolution frequency frev, 
manifests as a series of distinct peaks in the frequency spec- 
trum, each corresponding to different harmonic numbers h = 
1,2,3,..... The power density of each harmonic can be ex- 
pressed as [5]: 
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df 


where |H(f)| represents the AFC function of the Schottky 
detector system, ¿( f) is the normalized revolution frequency 
distribution of the ions and q is the electric charge of the ions. 
With A being the harmonic number, integration of the power 
density spectrum near a certain harmonic frequency A frev, 
results in 


B A dPion 
On Jafre- CF 


+0 p2 
=20 $ HAPE), 


h=1 


(2) 


df = 2N [|H (h frev )lqe frev] , 
(3) 


where N is the number of ions of a specific ion species. The 
value of 6 is typically set to five standard deviations of the 
corresponding frequency peak h frev. The second equality in 
Eq. 3 holds true on the condition that the frequency spread of 
each ion remains sufficiently small during the measurement 
period. 

For single-ion decay measurement experiments in heavy- 
ion storage ring, the decay event is determined unambigu- 
ously by the disappearance of the parent ion and the appear- 
ance of the daughter ion [14]. For other cases, by measuring 
the peak area in the frequency spectrum associated with an 
ion species of interest and by monitoring its evolution as a 
function of time, the fluctuation of the ion number can be 
monitored. In order to do that, the calibration of the AFC 
function of the detection system is important. Determination 
of the AFC function relies in principle on the fact that the 
measured signal peak areas that correspond to the same stored 
ion species in the ring remain consistent at any revolution fre- 
quency harmonics h frev. 


I. CALIBRATION OF THE AFC FUNCTION 


The resonant Schottky cavity detector installed in the CSRe 
has a pillbox design as shown in Fig. 1. Due to the charac- 
teristics of the equivalent RLC circuit , a similar AFC form 
as the one of the cavity [8, 11, 19, 20] was used for modeling 
the AFC function of the detector system: 


Reys VC 


2° 
fsys 
1+ Qn (54 - 4) 


where Rsys represents the resistance of the entire system’s 
equivalent RLC circuit, ¢ is the loss factor quantifying the en- 
ergy loss to wake-fields [21], and y is the relativistic Lorentz 
factor of the ions. Additionally, Qsys and fsys are the effec- 
tive quality factor and the resonant frequency of the system, 
respectively. The AFC curve of the Schottky cavity can be 
measured offline utilizing a network analyzer. In contrast, 
determining the AFC curve for the entire detection system 
necessitates online beam experiments. The resulting AFC 
curve is influenced not only by the AFCs of the cavity, elec- 
tronic components, and cables but also incorporates the AFC 
of the spectrum analyzer. The system’s AFC can be ascer- 
tained by leveraging the feature of multiple-peaks of the same 
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ion species appeared simultaneously at several frequency har- 
monics. If we are able to simultaneously measure at least two 
frequency harmonics of the same ion species in the spectrum, 
we could determine the relative sensitivity ratio between two 
different harmonic frequencies within the same spectrum. 

The optimal method for measuring the AFC curve em- 
ploys electron-cooled low-energy beams. The low ion energy 
leads to small frequency intervals between adjacent harmon- 
ics. Electron cooling is essential in order to ensure that the 
ion peak is narrow enough, so that the corresponding AFC 
region under it can be considered as constant. 

As a result, multiple revolution frequency harmonics can 
be detected simultaneously within frequency range of the data 
acquisition (DAQ) system. By adjusting the electron cooler 
voltage, we can shift the center frequencies in steps to collect 
more data points along the AFC curve, thereby enabling us 
to determine the entire curve within the measured frequency 
range. 


A. The calibration measurement 


In the experiment, the electron-cooled 58Fe?6+ ions at an 
energy of 13.6 MeV/u was utilized to measure the AFC curve 
within the 3 MHz bandwidth around the resonant frequency 
of the Schottky detector system . The measured time-resolved 
frequency spectrum is shown at Fig. 3. Up to 6 harmonics of 
the revolution frequency were covered. By adjusting the volt- 
age of the electron cooler from 126.6 kV to 129.8 kV, the 
velocity of ions was altered in 13 increments. Consequently, 
the center frequencies of each harmonic were shifted by ap- 
proximately 600 kHz in total. 

As the number of the stored ions reduces due to inevitable 
particle losses as N = Noe~*<!, the integrated power de- 
creases as a function of time: 


P(t) = Poe ™t, (5) 


where A; is the decay constant, Po = 
2No [|H (hfrev)ldefrev], and No is the initial number 
of ions. Based on Eq. (3)-(5), the integrated power of the ion 
beam at each harmonic in the spectrum can be expressed as a 
function of the center frequency of the harmonic f = h frev 
and time t, denoted as 


A 
P(f,t|Ao, At, Qsys, fsys) i 2 set 


sys 


(6) 
where Ao = 2No¢ (Rsysyqe Par is the initial peak area. 
The parameters Ao and A; are related to the properties of ion 
beam, whereas Qsys and fsys are uniquely associated with 
the attributes of the detector system. 

The specific data processing steps are as follows: 


1. Estimate the reference baseline and subtract it to gen- 
erate the background-free spectrum using the method 
described in Ref. [18]. See Fig. 3. 
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Fig. 3. Top:Time-resolved Schottky spectrum of electron-cooled 
56Fe?6+ beam at an energy of 13.6 MeV/u. The velocity of the ions 
was shifted in steps such that the revolution frequency change covers 
the whole measurement frequency range of 3 MHz. The time resolu- 
tion is 86 ms/channel and the frequency resolution is 0.92 kHz/chan- 
nel. Middle: Single frame from the top panel at time = 0.86 sec- 
onds, including 5 harmonics h = 614,615, ...,618. The blue line 
indicates the original power density of the spectrum. The orange line 
is the estimated baseline [18]. Bottom: The same Spectrum as the 
frame in middle frame after baseline was subtracted. 


2. For each spectrum at time t; (j = 1, 2, ..., n), the peak 
area is calculated by simple integration for each peak 
at different harmonics. Here n is the number of bins in 
time during the continue spectrum recording process. 
This yields the experimental value P;;” at frequency 
f = fi @ = 1,...,6 harmonic) and time t = tj , see 
Fig.4. 


3. Data segmentation. See next subsection for more de- 
tails. 


4. Fit the function P(f,t|Ao, àt, Qsys, fsys), Eq. (6), to 
the experimental value to obtain the parameters Apo, Az, 
Qsyss and Jays: 
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Fig. 4. Time evolution of the peak of °°Fe”°* ions near 242.33 MHz 
(harmonic number h = 616): center frequency (top), peak width 
(middle), and peak area (bottom). At around 63 seconds, when the 
center frequency of the harmonic changed abruptly, the peak width 
is as well affected . Therefore, we only utilized the 14 data segments 
when the center frequency were stable, as indicated by the orange 
regions. 


5. Implement the values of Qsys and fsys into Eq. (4) to 
obtain the AFC curve of the detection system. These 
two parameters are independent of the ion beam and 
can be used throughout the experiment if the detector 
setting were fixed. 


B. Error estimation of Qsys and fsys 


The function P(f,t|Ao, At, Qsys, fsys) in Eq. (5) is a bi- 
variate nonlinear function. In the fitting procedure, the task 
is to find the optimized combination of parameters that make 
the following objective function reach minima: 

fı 4 _ T. sys ) 
Í. sys f 4 


(7) 


Although the processing steps appear straightforward, nu- 
merous challenges remain. These include: 
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a. Data segmentation. It is important to accurately deter- 
mine Ag in Eq.7. During measurement, we adjusted the 
electron cooling 13 times. Fig.4 illustrates the changes 
in the center frequency, width and area (i.e. average 
ion power) of the ion peaks of the 616th harmonic. 
Upon completion of the electron cooling adjustment, 
the center frequency as well as the peak width fluctu- 
ates significantly. Within a few seconds, the velocity of 
the ions reach equilibrium, and the peak position stabi- 
lized. Consequently, the data were filtered into 14 seg- 


ments indicated by the orange regions in Fig.4 where 
the equilibrium was reached. Instead of using single 
initial peak area parameter Ao, fourteen independent 
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each data segment were also readjusted accordingly to 
the new stating points so that Ag, is encountered at 
tkj = 0. Hence, the objective function of the fitting is 
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Fig. 5. Parameter distributions obtained by Monte Carlo calcula- 
tions: from top to bottom, the probability distributions of parameters 
Qsys, fsys, and Az. The mean and variance of all the parameters are 
calculated using the Gaussian distribution with mean value u and 
sigma value ø. 


where N;, represents the number of measured harmon- 
ics in the spectrum of each data segment. 


. Monte Carlo calculations are used to estimate the value 
and error of the fitting parameters: Qsys, fsys, At and 
Ao,ķ(k = 1,2,...,14). Part of the results is shown in 
Fig. 5. The estimated value and error of each parame- 
ter are the mean and variance of its distribution, respec- 
tively. 


271 


C. Fitting results of the AFC function 


272 The characteristic parameter values of the AFC of the 
273 CSRe Schottky system are determined to be Qsys = 374.0 + 
274 0.9 and resonant frequency fsys = 242.3684 + 0.0007 MHz, 
275 as illustrated in Fig. 5. The resultant AFC curve is shown as 
276 the orange dots in Fig. 6. The fitting residuals are fairly uni- 
277 formly distributed around zero, indicating a good estimation 
278 Of the Qsys and fsys. Notably, due to significant power esti- 
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Center frequency - 242.33 MHz [kHz] 


Fig. 6. Top panel: comparison between the measured peak area (blue 
dots) and the calculated peak area (orange dots) using fitted AFC 
function of the CSRe Schottky detector system. There are some 
sudden drop of the data points, due to twice passing through the 
frequency area during the measurements, see Fig. 3. Bottom panel: 
the differences between the measured and fitted peak area. 


mation errors for ion harmonics near the resonant frequency, 
larger residuals are evident in this region. 


279 
280 


This Q value of the detection system is smaller than the Q 
value of the Schottky cavity itself, Qcavity = 496.8 [8]. It is 
reasonable since other components in the system can reduce 
resonance. To achieve higher Qsys and thus higher sensi- 
tivity of heavy ion detection, new Schottky resonant cavities 
without ceramic beam pipe are under construction at next- 
28 generation SRing facility [22]. It is foreseen that 4 times 
239 higher Qeavity Will be reached for the stainless steel cavity 
290 and 20 times for the copper coated cavity[23]. 
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IV. APPLICATION OF THE AFC FUNCTION TO THE 
STORAGE LIFETIME MEASUREMENT OF °°FE?°+ IONS 
AT DIFFERENT ENERGIES 


After the AFC curve of the Schottky detector system was 
determined, we have conducted the storage lifetime measure- 
ments of fully ionized °°Fe?°+ ions under the same detector 
setting. The decay constant of the ions are determined from 
the normalized peak area in the revolution frequency spec- 
trum and the storage half life can be converted from decay 
constant by Tı j2 = In(2)/X. The results are summarized in 
Table 1. 

Two beam energy settings were used and the electron- 
cooling had only ON or OFF status. There was no voltage 
and current adjustments during ON status, which is different 
from the measurement procedure of the AFC determination. 
The first energy was set at 13.7 MeV/u, the same as setting 
of the AFC curve measurement. The measured decay con- 
stant of the electron-cooled °°Fe?°+ ions is 0.0476(1) min~* 
which is consistent with \, = 0.054(25) min~' determined 
during the AFC determination measurement (see Fig. 5 c). It 
is evident in table | that the decay constant of the fully ionized 
56Fe?6+ is smaller when the electron-cooling was switched 
off. This can be understood by the fact that the electron beam 
of the cooler introduces additional beam loss mechanism to 
the stored ion beam. 

The decay constants at higher beam energy of 116.4 MeV/u 
is more than one order of magnitude smaller than the ones at 
13.7 MeV/u. At the high energy, the decay constant decreased 
by another order of magnitude after the electron cooling was 
switched off. This indicated that, at this beam energy, the 
main contribution of ion loss is that caused by the electron 
cooling process. Assuming realistic parameters of the CSRe 
cooler (electron beam vertical temperature 0.5 eV, current 0.2 
A, radius ~ 4 cm), vacuum (~ 1071? mbar, see section IV B) 
and temperature 20°C) , the calculated theoretical decay con- 
stant agree fairly well with the the measured values both at 
high energy [24, 26-29] and low beam energy [24, 25] as 
shown in the last two columns of table 1. 

The importance of applying the AFC curve in the lifetime 
measurement can be clearly demonstrated by the measure- 
ments set on the beam energy of 116.4 MeV/u. The subse- 
quent sections utilize the findings from this setting to eluci- 
date the indispensability of the AFC curve in lifetime mea- 
surements. 


A. Correcting for sudden peak area changes 


Figure 7 illustrates the Schottky spectrum of the electron- 
cooled °°Fe?°* ion beam. By accident, the center frequency 
of the peak underwent five abrupt shifts as shown in Fig. 7(b). 
This directly resulted in a corresponding rapid change and 
restoration of the peak center frequency and peak area within 
2 minutes, which is derived from the spectra without AFC- 
normalisation as depicted in Fig. 7(b) and (c). Excluding the 
data during these perturbation periods, the ion storage life- 
time is determined to be 144(8) min with a reduced data set. 
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Table 1. Measured storage lifetimes (respented by decay constant 
A = In2/T,/2) of the 56Fe?6+ ions in the CSRe operated under 
the internal target mode (yz = 2.457) [17]. The measured decay 
constants of ion numbers in the ring As (Exp) were compared to the 
calculated (Theory) [24, 26-29], where realistic parameters of the 
CSRe cooler (electron beam vertical temperature 0.5 eV, current 0.2 
A, radius ~ 4 cm) and vacuum (~ 107 1°mBar, 20°C) were utilized 
in the computation. For ions with energy of 13.7 MeV/u, no suitable 
theoretical formula was found to estimate their lifetime, and only the 
upper and lower bounds of the lifetime were given based on Refer- 
ences [24, 25]. 

ECooler Status Energy [MeV/u] 


y As(Exp) [min "] \,(Theory) [min 7] 


ON 116.4 1.125 0.00685(9) 0.00648 

OFF 0.00051(4) 0.0003 

ON 13.7 1.027  0.0476(1)  0.03066< Às <0.6968 
OFF 0.035(2)  0.0178< A, < 0.684 


After the AFC curve is employed to normalize the ion peak 
area, as demonstrated in Fig. 7(d), the effects of the pertur- 
bations are mitigated. The normalized peak area follows the 
exponential decay trend, in despite of frequency shifts. This 
indicates that the swift frequency shifts haven’t introduced 
additional loss of ions during the experiment. The ion storage 
lifetime derived from the normalized peak area is 145(2) min. 
This result is consistent with that obtained using a reduced 
dataset, but with enhanced precision. The observed five per- 
turbations may be attributed to the sudden charging and dis- 
charging of high voltage power supply of the electron cooler. 
In similar situations of frequency drifts, the AFC curve is key 
for correctly and precisely determine the storage lifetime of 
the stored ions. 


B. Effective vacuum experienced by the stored ions 


After the electron cooling is turned off, the energy loss of 
the beam caused by the collisions between ions and residual 
gas can not be compensated any more. As a result, the mo- 
mentum of the beam ions deceases and the momentum spread 
increases gradually. The absolute rate of frequency change 
df /dt is proportional to the effective vacuum experienced by 
the stored ions. Using the AFC normalized spectrum, the 
peak shape can be restored and peak center frequency can be 
determined with better precision. The effective vacuum can 
be derived from the obtained df /dt and the storage life time 
of the ion can be obtained from the normalized peak area de- 
creasing as a function of storage time. 

As shown in Fig. 8, upon deactivating the electron cooling 
(approximately at 0.8 seconds) , the ion momentum spread 
began to increase and the ion peak’s center frequency drifts 
towards the lower frequency. From the measured AFC-curve 
in Fig. 6, it is clear that the frequency drifts towards where the 
maximum system AFC is located. That is why the peak area, 
which is deduced from the spectra before AFC-normalization, 
result in an increasing trend over time as shown in Fig. 8 
(c). From the normalized peak area, the decreasing trend is 
restored and storage lifetime is determined to be 1954(139) 
min. 
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Fig. 7. (a) Time-resolved Schottky spectrum of °°Fe?°* at beam 


energy of 116 MeV/u with electron-cooling switched on. The hor- 
izontal axis is the observation time, the vertical axis representing 
frequency, and the power density being distinguished by color. The 
frequency resolution is 0.12 kHz/channel and the time resolution is 
6.39 seconds/bin. The evolution of the peak center frequency (b), 
peak area before (c) and after (d) AFC-normalization as a function 
of time are also shown. It can be clearly seen that there are 5 jumps 
during the acquisition period. 


From the rate of the peak center frequency change observed 
in Fig. 8(b), df /dt ~ 23 Hz/s, the ion energy loss rate dE /dt 
can be deduced using formulae df/f = (y~? — y%;,7)dE/E 
where y = 2.457 and y is the Lorentz factor of the ions. 
This calculation yielded a value of dE/dt 1.89 keV/s. 
Assuming a temperature of 20°C and the measured compo- 
sition of the residual gas [30], the equivalent vacuum of the 
CSRe was estimated to be approximately 2 x 1071° mbar. 
This value resprents the effective vacumm experencied by the 
stored °°Fe?°* ions. In total, 11 ultra-high vacuum gauge was 
used in the experiment and they were distributed evenly along 
the CSRe ring. Most of the gauge reading is on the level of 
1071! mbar except the one near the internal target area read- 
ing ~ 4 x 10-19 mbar. The effective vacuum feels by the 
stored ions agreed with the vacuum gauge readings. 


With the derived effective vacuum of 2 x 10~!° mbar, the 
theoretical beam loss rate due to ion-gas collision were calcu- 
lated to be 3 x 1074 min“, corresponding to a storage life- 
time of about 3333 min. However, current theoretical studies 
on ion storage lifetimes involve a wide range and complex- 
ity of reactions and factors, and the theoretical estimates are 
only informative on the order of magnitude. The experimen- 
tal results we obtained are of the same order of magnitude as 
the theoretical estimates, which confirms the reliability of our 
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Fig. 8. (a) Time-resolved Schottky spectrum of °°Fe*®* at beam en- 
ergy of 116 MeV/u. The electron-cooling is switched off at around 
0.8 second. The evolution of (b) peak center frequency, peak area 
before (c) and after (d) AFC-normalization as a function of time are 
also shown. It is evident that after the electron cooler was switched 
off, the frequency spread increased and the center frequency grad- 
ually drifted toward lower frequencies. The frequency resolution is 
0.24 kHz/channel and the time resulution is 0.32 seconds/bin. 


methodolgy and the stability of the current CSRe operation. 


V. SUMMARY AND OUTLOOK 


In this work, we developed a novel method to calibrate the 
amplitude-frequency characteristic (AFC) curve of the Schot- 
tky detection system at the CSRe storage ring. Following cal- 
ibration, there was a significant improvement in the accuracy 
of the peak position and the peak area determination in the 
revolution frequency spectra of the ions. The storage life- 
times of °°Fe?°* ions were determined with high precision at 
13.7 and 116.4 MeV/u, in despite of frequency shifts or fre- 
quency spreading increases occurred during the experiment. 
Additionally, when the electron cooling was switched off, the 
effective vacuum seen by the stored ions was deduced to be 
on the order of 10~!° mbar, consistent with the order of mag- 
nitude displayed by the vacuum gauge. 

This method serves as a useful tool for storage ring Schot- 
tky frequency spectrum mass spectrometer to obtain accurate 
ion lifetimes. When electron cooling is enabled, the method 
can mitigate the negative effects of irregularities caused by 
electron cooling device instabilities. When electron cool- 
ing is disabled, residual gas collisions cause ion energy loss, 
leading to ion revolution frequency shifts. By applying the 
method developed in this paper, accurate and reliable lifetime 
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results can be obtained. One focus of next-generation Schot- 
tky mass spectrometry is the simultaneous measurement of 
masses and lifetimes of short-lived ions. Disabling electron 
cooling can extend the applicability of the technique from 
the minute range to the tens of milliseconds range [31]. In 
this context, the correction method presented in this work can 
play a significant role. The method developed at the CSRe 
can easily be adapted at other Storage ring facilities, such as 
the ESR and the CR at GSI (FAIR) in Darmstadt, Germany 
and the R3-Ring at RIKEN in Saitama, Japan. 


For the next generation storage rings, such as the HIAF- 
SRing in Huizhou [32], new Schottky detectors with higher 
sensitivity and transverse position sensitivity will be built. 
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